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Induced Endocytosis in Human Fibroblasts by Electrical Fields 

M. Glogauer, W. Lee, andC. A. G. McCulloch 1 

Faculty of Dentistry , Room -M), University of Toronto, 124 Edward Street, Toronto. Ontario M5G 1(16, Canada 



Electroporation creates transient pores through 
which exogenous molecules can gain access to the cell 
cytoplasm. However, the electrical events associated 
with this phenomenon may perturb membrane-depen- 
dent events such as endocytosis. To measure the effect 
of electroporation on endocytosis, suspensions of hu- 
man gingival fibroblasts were subjected to 5-ms electri- 
cal discharges, allowed to recover for variable periods 
of time, incubated with fluorescent probes, and then an- 
alyzed by flow cytometry. Incubation of electroporated 
fibroblasts with FITC-conjugated bovine serum albu- 
min (BSA) to label moities on cell membranes nonspecif- 
ically demonstrated a time-dependent increase of inter- 
nalized probe for up to 90 min after electroporation. 
Pretreatment incubation of cells with cytochalasin D 
abrogated the increased internalization of FITC-BSA 
due to electroporation. Compared to controls, fluores- 
cence signals due to internalization of surface glycopro- 
teins with FITC-concanavalin A were 43% higher after 
electroporation and treatment with endoglycosidase F 
or H to reduce probe associated with surface mem- 
brane. Confocal microscopy confirmed intracellular la- 
beling and reduction of membrane-associated probe by 
the enzyme. Assessment of nonspecific FITC-Con A la- 
beling of cells by pretreatment with a-methyl D-manno- 
side showed that labeling was largely (92%) specific. 
Compared to controls, electroporation induced a 60% 
increase of internalization of lucifer yellow, a fluid- 
phase endocytosis marker. Dual fluorescence labeling 
of membrane phosopholipids by FITC and TRITC- 
DHPE demonstrated an increased acidification after 
electroporation that was time dependent, indicating 
that electroporation induced more rapid entry of mem- 
brane lipid into endosomal compartments. These data 
demonstrate that the electrical fields used in electro- 
poration of fibroblasts cause an actin-dependent in- 
crease in the internalization of all membrane compo- 
nents examined and an increased rate of probe entry in 

tO acidifying Compartments. <V 1993 Academic Press, Inc. 



INTRODUCTION 

Electroporation uses electrical fields to create a tran- 
sient breakdown in the plasma membrane. This loss of 

1 To whom correspondence and reprint requests should be ad- 
dressed at Km. 430, 124 Edward St., Toronto, Ontario MSG 1G6, 
Canada. Fax: (416) 979-4506. 



membrane integrity facilitates cell fusion and enables 
direct access to the cell cytoplasm for loading of various 
exogenous molecules. Plasmid DNA for transfection 
[1-3], complex carbohydrates [1], and proteins (includ- 
ing enzymes and antibodies) [4-7] have all been suc- 
cessfully introduced into cells using this method. How- 
ever, it has been observed that electroporation may in- 
duce long-lasting perturbations of cellular metabolism 
and structure in addition to the creation of transient 
breakdowns in the plasma membrane. For example, al- 
tered cell membrane structure [8], cytoskeletal rear- 
rangements, and membrane protrusions [9] have been 
observed following electroporation. 

It has also been suggested that the electrical fields 
associated with electroporation induce more rapid up- 
take of exogenous probe by endocytosis [10]. This phe- 
nomenon may lead to inappropriate labeling of endoso- 
mal compartments instead of the intended cytoplasmic 
space [4, 10, 11]. Here we report the effect of electropor- 
ation on internalization of several components of the 
membrane (membrane lipid and glycoprotein) as well as 
fluid-phase endocytosis and nonspecific endocytosis of 
exogenous protein. The experiments demonstrate in- 
duced endocytosis by electrical fields. 



MATERIALS AND METHODS 

Cell preparation Human gingival fibroblasts (passage 5 to 15) 
originally derived from primary explants were grown as monolayer 
cultures in alpha minimum essential media containing 15% heat-in- 
activated fetal bovine serum (FBS, Flow Laboratories, MacLean VA), 
a 0.17% (w/v) penicillin solution, and a 0.1% (w/v) gentamycin sul- 
fate solution (Sigma Chemical Co., St. Louis, MO). The cells were 
maintained in a humidified incubator ventilated with 95% air-5% 
CO ? , harvested by trypsimzation, and counted electronically (Model 
ZM Coulter Counter, Coulter Electronics, Hialeah, FL). Cells were 
pelleted and resuspended at the desired concentration in electropora- 
tion buffer (1.26 mM CaCl 2 , 5.37 mM KC1, 0.52 mAf KH 2 PG 4f 0.64 
mAf MgCl 2 , 0.63 mM MgS0 4 , 85.5 mM NaCl, 5.8 mM NaHC0 3 , 0.50 
mM NaH 2 P() 4 , 12.5 mM jV-2-hydroxyethylpiperazine- W-2 ethane- 
sulfonic acid; Hepes). 

Probes and electroporation. Fluorescein - 5 - isothiocyanate - 
conjugated bovine serum albumin (FITC-BSA), FITC-conjugated 
concanavalin A (FITC-Con A) and lucifer yellow were purchased 
from Molecular Probes (Eugene, OR); propidium iodide and cytocha- 
lasin D were purchased from Sigma. The probes were prepared at the 
indicated concentrations in electroporation buffer. An electropora- 
tion apparatus (Bio-Rad gene pulser, Bio-Rad, Mississauga, Ontario) 
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W " i 1„", greater ,ha„ 71W of, ells are viable and are labeled., h 
° us prohe 14]. Alter elec.ropora.ion, , ells were al owed to re- 

ex „ ( rcn,>us 1" . , ,, , at :i 7 J C and were incu- 

,, over for various time periods (.» 120 inn) al -u USA ( 1 H9 

,1,1 with probe tor 10 min. fells incubated with Fl 1 t 
t Z e .hen trvpsinized (or 5 min to remove surface bound pro- 
" , l,M celi surface glycoproteins, cells were incubated w„h 
> M 1<1 MUn some e 'peri.nents, cells incubated with Con 
A were treated with endogly, osidase H < 20 „U per 60 ,1 o. cells or 3 h 
, ,7 ' f Boehrmger Mannheim. Montreal. Quebec, or endogtycos. 
Use F (0 5 ,U per fiO M l of cells for 3 h at 37°C, Bnehringe, • Mann- 
l^aL electroporation to reduce surface-bound Uibeh these en- 
» re, r leave Af-glycans in cell surface glycoproteins that b,nd Con A 
? 13 In other experiments, ceils were incubated w,th ^ 
' . ,1p IS 5 v 10- 5 M- Sigma) before Con A to examine the speci- 

f'fvTrt A binding Cel membranes were double labeled with 
£ T C 1 " dlxadecanoy. - sn - glycero - 3 - phosphoe.hanolam.ne 
^ /' • oa n ^FITP-DHPF/ Molecular Probes), and 
TRlTCd^rTpK prepared aSam"L 'liposomes. The probes were 
IS ed in e.h.nol. sonicated, diluted with elect ropora . on buffer 
So, a.ed again. The final stock concentration o probes wa 4_6 
M ' Us were labeled by adding 15 ml of stock solution to a 1-5 
natk a 37T, for 2.5 h. washed twice with PBS, trypsmued. and 
he a ain prior to analysis. To block actin assembly, cytochatom 
D wa used A single cell suspension (800 ,1) was incubated with 10 ,1 
of 7l\»A, «ock solution of eytochalasin D (final concentration 12.5 
i, and maintained at 37 'C for 10 min prior to electroporat.on 

Analyst Cells were pelleted, resuspended in Ca'S Mg -free 
PBS t d analysed by flow cytometry (FACStar Plus; Bec^on-D^ 
onson. Mississauga. Ontario) with laser exc..at.on o, 488 „m fo 
F1TC 441 nm for Inciter vellow, and 511 nm for TR1 1 C Creen lluo 
escence F1TC) was measured using a 530/30 nm filter, red fluores- 
ence TRITCi with a 585/42 nm filter, and the fluorescence due to 
urifer yellow with a 530/30 filter. Two-color emission from Fl rC- 
DHPF and TRITC DHPE labeled cells was collected s.multa- 
"eolsby All fluorescence signals were logarithmically amplified Fen 
Zus nd cells were analyzed in each sample and data were collected 
n * mode To eliminate signals due to cellular debris, only those 
"entVwith forward matter and side scatter comparable to whole cells 

were analyzed. riT /, nupr 

A standard curve for the pH-dependent emission of FllX-DH^ 
and the pH-dependent emission of TRITC-DHPK was —cled 
, ing :,I.ions o" standard pH and a spectrofluonmHeHPTI Un- 
don. Ontario). For FITC-DHPE, excitation was e at 4 JO nrn, em., 
sion was set at 530 nm. and slit widths were set at « "^^J"^ 
DHPE, excitation was set at 514 nm and em»s.on at o80 nm and sht 
widths were set at 4 nm. Aqueous suspensions of 1 RITC and 
DHPE were analyzed over the pH range of 4-6.o. 

Data described here are representative of at least two replicated 
ex erin.enr s and the data are reported as the mean fluoresce chan- 
ne number ± 95% confidence limits. Statistical co™P-nso™between 
two experimental groups were performed by htudent t test. 

Cnlocal m im« mP v. To visualize .he intracellular location of the 
nr , t e a s ngle cell suspension of electroporated cells ,n phosphate- 
: r'ed al e (p H 7.1) was imaged using a 40X water — 
lens on a con.oca. microscope .excitation 488 nm emission W nm 
Bio Ra.l Ontario Laser and Lightwave Research ( entre, I n.versity 
Toronto o, I.eica CLSM, WeUlar. FRO). Computer-generated 
im-,ges o f OS-Mm optical sections were obtained at the approximate 
geomTtnc cemer of the cell as determined by repeated optical sec 
tioning. 



Membrane Integrity 



Whereas the level of fluorescence due to propidium 
iodide (I'l; 1200 1); 10 nR/ml) staining of paraformalde- 
hyde-fixed cells was Ull.S ± 1.90 (mean fluorescence 
channel numbers ± 95% confidence limits), the fluores- 
cence after incubation with PI and no electroporat.on ,n 
viable, unfixed cells was 2.88 ± 0.14 wh.le 1 mm alter 
electroporat.on in viable, unfixed cells the amount o 
internalized was -24% lower than the posttrve control 
(PI present at time of electroporat.on in vtable cells, 6.1 
+ 0 15- 1 min after electroporat.on, 4.9 ± 0.13; 1 min PI 
with no electroporation, 3.6 ± 0.12). At 3 and 5 min, a 
similarly decreased level of PI incorporation was found 
(3 min, 5.3 ± 0.17; 5 min, 4.8 ± 0.16). This increased dye 
exclusion and membrane impermeability to small molec- 
ular mass compounds following electroporat.on was 
consistent with an earlier report [10] on trypan blue 
exclusion (molecular mass 961). Expe "™nts employ^ 
ing a similar design were performed using Fl rt-BbA 
(molecular mass 66 kDa; 1.89 nM\ 10 min incubation) to 
determine pore closure and the loss of membrane perme- 
ability to larger compounds that occurs following elec- 
troporation. After cold (4°C) incubation to block 
constitutive nonspecific endocytosis and a o-min poste- 
lectroporation recovery period, electroporated cells 
demonstrated a similar level of probe uptake (2^72 ± 
0 07) as the nonelectroporated samples (2.51 ± 0.0.5), 
which although marginally higher ^an autofl-ores^ 
cence (2.05 ± 0.02), was -2^ times lower P < 0.01) than 
cells electroporated in the presence of Fl TC-BSA (6.5b 
± 0 19) Thus the data indicate that for the longer recov- 
ery periods (5 rain and greater) used in the experiments, 
-95% of the fluorescence signal was attributable to 
loading via mechanisms other than membrane pores cre- 
ated by electroporation. 

Nonspecific Endocytosis 

After recovery periods of 5 to 120 min, cells were in- 
cubated with FITC-BSA for 10 min to evaluate the ef- 
fect of electroporation on nonspecific endocytosis. lo 
eliminate surface-bound probe that was not endocy- 
tosed prior to analysis, cells were tryps.nized (0.01 k bo- 
vine trypsin for 5 min at 37"C). After 10-m,n incuba- 
tions with FITC-BSA, trypsinization decreased cellular 
fluorescence bv nearly sixfold (Fig. D- Shorter incuba- 
tion times with FITC-BSA of 1 min were then used to 
reduce constitutive endocytosis and these data demon- 
strated a twofold reduction of fluorescence for incuba- 
tions at 37°C (28.1 ± 0.74, no trypsinization; 14.8 ± U. /ft, 
trypsinizat.on) while for incubations at 4°C there was 
only a small additional reduction of fluorescence ( 1 2.7 ± 
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FIG. 1. Single parameter flow cytometric histograms demonstrating t he effect of postelectroporation trypsinization on reduction of signal 
attributable to membrane-bound FITC-BSA. Electroporated fibroblasts (500 V/cm, 250 ^F) incubated with FITC-BSA (1.89 pM) for 10 min 
followed by trypsinization (0.01%) at 37°C. 



1.0). Optical sections {nominal 0.5 /zm) obtained by con- 
focal microscopy demonstrated that before trypsiniza- 
tion, FITC-BSA was largely confined to the cell mem- 
brane (Fig. 2a), whereas after trypsinization, most of 
the probe was restricted to the cell interior and very 
little probe was detectable on surface membranes (Fig. 
2b). Subsequent experiments employing trypsinization 
to reduce membrane-associated probe demonstrated 
that in comparison with controls (not electroporated 
and incubated with probe for 10 min; mean fluorescence 
channel number, 214 ± 3.7), electroporated cells exhib- 
ited double the fluorescence 10 min after electropora- 
tion (487 ± 18.3). Thirty minutes after electroporation 
there was 2.5- to 3-fold more fluorescence in electropor- 
ated samples (682 ± 19.6) than that in nonelectropor- 



ated samples and this increased to 4-fold higher levels at 
90 min (827 ± 25.6). Because the cells survive for only 
— 90 min in suspension (as demonstrated by plating ef- 
ficiency and reduction of forward light scatter-FSC; 
control cells, 705 ± 6; 5-min recovery, 705 ± 6; 90 min 
recovery, 593 ± 4; Fig. 3), it was not possible to deter- 
mine when or if endocytosis returned to basal levels. 

Fluid- Phase Endocytosis 

Cells that were electroporated, allowed to recover for 
5 min, and incubated with lucifer yellow (molecular 
mass 457; final concentration 2.73 mM) for 5 min exhib- 
ited 60% higher fluorescence {P < 0.001) than that of 
control cells incubated only with the probe (mean fluo- 
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tion of the cell during the transient electrical pulse (X3000). 



rescence channel numbers: 12.3 ± 0.44, eiectroporation 
(el); 7-09 ± 0.48, control, no eiectroporation (no-el); 2.03 
± 0.07, autofluorescence). This increased rate of fluid 
phase endocytosis was consistently higher in the elec- 
troporated samples at 15 min (10,1 ± 0.75, el; 6.81 ± 
0.21, no-el; P < 0.001) and 60 min after eiectroporation 
(13.1 ± 2.11, el; 7.27 ± 1.36, no-el; P < 0.001)). 

Membrane Glycoproteins 

Blocking surface receptor binding sites for Con A 
with a-methyl pyrannoside (8.5 X 10 -5 M\ 10 min) prior 
to eiectroporation and incubation with FITC Con A (19 



M M; 10 min) sharply reduced (by 92%) the signal attrib- 
utable to surface-bound and endocytosed probe, indi- 
cating that FITC-Con A binding to cell surface glyoco- 
proteins was largely specific (no incubation, 1161 ± 40; 
preincubation, 93 ± 5). However, FITC-Con A could not 
be completely removed from cell membranes by tryp- 
sinization (Fig. 4a), presumably due to the resistance 
and inaccessibility of integral membrane proteins for 
enzyme cleavage. Because the flow cytometer measures 
whole cell fluorescence and cannot distinguish surface- 
bound from internalized probe, several methods of re- 
ducing surface-bound probe were used to assess more 




8 200 460 606 
FST>H\FSC-HeigM : 



886 1009 



0 200 480 600 
FSOH\FSC-Height — > 



800 1000 



208 400 600 
FSC-H\FSC-Height — 



FIG 3. Bivariate flow cytometric contour plots demonstratmg loss of forward light scatter (a measure of cell size) over 
recovery period; note that s.de scatter (a measure of cytoplasmic granularity) remains relatively constant. 
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FIG. 4a. Confocal micrograph of a fibroblast incubated with FITC-Con A and then trypsinized demonstrating bright fluorescence due to 
remaining, membrane-associated probe (X2200; scale bar, 10 /im). 



accurately the contribution of internalized probe to the 
overall fluorescence signal. 

The enzymes endoglycosidase H and F hydrolyze N- 
glycans of the high mannose type [12, 13]. Enzyme 
treatments of 3 h at 37°C were used to reduce surface- 
bound FITC-Con A prior to analysis. Enzyme-treated 
samples exhibited a significantly (P < 0.001) reduced 
fluorescence compared with untreated samples (enzyme 
treated, 900 ± 130; no enzyme, 2806 ± 87; -66% de- 
crease in fluorescence). Following electroporation, 
FITC-Con A incubation, and endoglycosidase F treat- 
ment, cells exhibited a 43% increased signal attributable 
to Con A endocytosis compared to nonelectroporated 
samples: the electroporated population treated with en- 
doglycosidase F exhibited a mean fluorescence of 141 1 ± 
79 while nonelectroporated samples exhibited a mean 
fluorescence of 990 ± 130. Electroporated samples 
treated with endoglycosidase H exhibited a 47% in- 
crease after electroporation (el, 1963 ± 85; no-el, 
1337 ± 78). 

A second approach to estimate the amounts of inter- 
nalized and membrane-bound probe was by the use of 
confocal microscopy. Optical sections through the 
center of enzyme-treated cells demonstrated bright cy- 
toplasmic fluorescence in electroporated samples (Fig. 
4b), and scanning fluorimetry of digitized images 
through the cell center indicated that in some cells up to 
— 20-fold higher fluorescence signals were measured in- 



side the cell than those of the cell membrane. Collec- 
tively, these two methods of assessing internalized 
FITC-Con A-labeled moities indicate that electropora- 
tion induces increased internalization of cell surface 
glycoproteins. 

Membrane Internalization 

Cells labeled with FITC-DHPE and TR1TC-DHPE 
and then electroporated were analyzed by two-color 
flow cytometry to assess the rate of acidification of 
probe in presumptive endocytic compartments. Compu- 
tation of the ratio of FITC fluorescence (pH dependent) 
to TRITC fluorescence (pH independent) permitted an 
estimation of the pH environment of the overall probe 
signal, independent of cell size and degree of probe load- 
ing. Analysis of a standard curve indicated that over the 
pH range of 4.0-6.5, the dual labeling method was sensi- 
tive to pH change (Fig. 5a). Electroporated cells showed 
a statistically significant lower ratio of FITC to TRITC 
fluorescence at 10, 30, and 60 min (P < 0.05) than that of 
nonelectroporated samples (Fig. 5b) while at 90 min, the 
ratios were the same for both experimental and control 
groups. 

Dependence on Actin Assembly 

Cells preincubated with cytochalasin D (15.5 ^M; 10- 
min treatment) prior to electroporation and followed by 
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a 10-min recovery period demonstrated a 79% reduction 
(P < 0 01) of FITC-BSA labeling (8.86 ± 2.46) compared 
to electroporated cells which were not incubated with 
cytochalasin D (41.74 ± 1.89). 

DISCUSSION 

Labeling of Subcompartments 

We have described the effect of electrical fields on 
endocytosis in fibroblasts. The data demonstrate that 
cells exposed to a short duration (5 ms) electrical field 
exhibit an increased rate of endocytosis. However, the 
method of measuring endocytosis of fluorescent probes 
involved analysis of whole cell fluorescence and intro- 
duced the possibility of artifactual estimates. For exam- 
ple after electroporation, labeled probe could be asso- 
ciated with any one or more of the cytosolic, surface 
membrane and endosomal compartments. Conse- 
quently a series of experiments was conducted to esti- 
mate the contribution of label in those compartments to 
the whole cell fluorescence signal and to evaluate meth- 
ods for minimizing signal in the cytosol and that asso- 
ciated with surface membrane components. 

Introduction of label into the cytosol is believed to 



occur by transient pore formation, a result of mechani- 
cal compressions of the membrane created by the elec- 
trical field [13]. To assess the duration of loading via 
pores the time prior to resealing must be known. Zim- 
mermann et al. [10] found that 90% of electroporated 
mouse L-cells exclude trypan blue within a few seconds 
and electron microscopic studies have indicated loss of 
detectable pores 10 s after electroporation [8]. We found 
that after a 5-min recovery following electroporation 
and a subsequent F1TC-BSA (molecular mass 66 kDa) 
incubation, the amount of probe internalized through 
pores was reduced by -95% when compared to cells 
electroporated in the presence of FITC-BSA These 
data indicate that the amount of cytosolic loading 
through pores is negligible by 5 min when compared to 
the level of endocytosed probe. 

Probe associated with the surface membrane was re- 
moved with postincubation, preanalysis enzyme treat- 
ments The effectiveness of t he enzyme treatments was 
demonstrated by the large-scale reduction of mem- 
brane-bound probe when examined by confocal micros- 
copy and flow cytometry. Notably, BSA was largely re- 
moved by trypsinization while endoglycosidase F and H 
were both effective in reducing Con A binding to surface 
membrane that was not endocytosed. Consequently, 
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a statistically significant and time-dependent increase 
in the amount of internalized probe that was two- to 
fourfold higher than that of controls. 

Fluid-phase endocytosis involves the continuous up- 
take of extracellular fluid through small membrane vesi- 
cles. Fluid-phase vesicles by definition are labeled by 
impermeable solutes which do not bind to the cell's 
membrane [15]. Uptake of lucifer yellow, a fluid-phase 
marker, was also increased up to 60% in electroporated 
cells compared to controls. We conclude therefore that 
electroporation upregulates both fluid-phase and non- 
specific endocytosis in suspended fibroblasts but that 
the measureable effect is relatively larger for nonspe- 
cific endocytosis. This is not surprising because FITC- 
BSA is not solely a marker of fluid-phase endocytosis. 
However, this result suggests also that electroporation 
may create substantial perturbations in membrane do- 
mains. Indeed, the apparent membrane intercalation of 
FITC-BSA observed in some confocal micrographs 
even after trypsinization indicates that FITC-BSA can- 
not be wholly removed from deeper membrane compo- 
nents by trypsinization, indicating that FITC-BSA-la- 
beled membrane domains are subsequently internalized 
and may contribute to the overall increased cellular fluo- 
rescence with this probe. In contrast, the relatively 



membrane labeling did not contribute substantially to 
the whole cell fluorescence signal. We [4] and others [5, 
10] have demonstrated entry of fluorescence probes into 
vesicular, low pH, presumptive endosomal compart- 
ments. Based on the vesicular distribution of labeled 
probe observed in confocal micrographs and the pH de- 
crease following labeling, we conclude that after a short 
recovery period to allow for pore closure and appro- 
priate enzyme treatments, flow cytometry provides an 
accurate estimate of the relative amounts of exogenous 
label in endocytic compartments in electroporated and 
nonelectroporated cells. 

Internalized Components of the Membrane 

The first set of experiments used FITC-BSA as a 
probe to determine if electroporation increased the rate 
of nonspecific endocytosis. Previous data have indi- 
cated that this probe may be internalized into vesicular 
compartments [4-6, 10] and our confocal micrographs 
confirmed the presence of probe in vesicles as early as 5 
min after electroporation. Although flow cytometric es- 
timates of internalized probe may have been reduced 
because of intracellular and pH-dependent fluorescence 
quenching which occurs within 5 min of endosome for- 
mation as the vesicle interior acidifies [14], our analysis 
of electroporated cells by flow cytometry demonstrated 
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FIG. 5b. Ratio of FITC to TRITC DHPE signal (proportional to 
pH) with associated 95% confidence limits. Over time, electroporated 
and nonelectroporated fibroblasts exhibit different kinetics of probe 
acidification. Electroporated cells exhibit more rapid (P < 0.05) acidi- 
fication of internalized phospholipid probe than that of controls at 10, 
30, and 60 min after electroporation. 
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lower in.luct.on of fluid-phase endocytos, .by ^elect o 
Lration as detected by lucifer yellow could reflect in 
leased intracellular quenching of this dye compared to 

1 "tV study Ste^alization of lipids associated with sur- 
fac^nSrane^FITCandrnTC-DHPEwere^ 

Ids entered acidic compartments more rap.dly in 
Tect ropo^ated cells than controls. Uptake of ^ 
Hpid ,nto induced endosomesis c»»>^th th data 
o?Chenomordik et aL [16] who showed that 1 DN A . ntro 
duced into cells by electroporation was taken up by ves. 
des with lipid membranes. Our data demonstrate ir, i ad- 
i ton tha'the endocytosed lipid is derived a leas in 
partfromthecytoplasmicmembrane , Becat« hemter 
Uzed membrane ,s a J— 

iHes of membrane dama g edby 
^Tot^min^fmlbrane-associated glycoproteins 
weTe involved in electrically induced endocytic events 

were conducted to estimate the amount of internal zea 
1 Data from enzyme-treated cells indicated that 
fabel n g du toTternahzed probe was higher in electro- 
nora ed cells than that in controls and confocal m.cros- 
ZX monstrated that vesicular 
labeled with Con A were more rapidly formed^ laken 
te her we conclude that electroporation induced a 
Sally increased internalization of membrane hpid 
membLe glycoproteins, and other structures labeled 
with BSA into lipid-delimited, acidifying vesicles. 



Mechanisms of Induced Endocytosis 

Several studies have demonstrated *e development 
of membrane ruffling after ^r^^^tor- 
trical fields 16, 8] and increased ruffling and vesicle lor 
matioS may Ur'ist for up to 4 h after field -P-^ 
Because pinocytosis and endocytosis induced by growin 
SSl an V d phorbol esters ,19, a-ssoc.a ed with 
the initiation of membrane ruffling [20], 
able that electrical field-induced membrane perturbs 
tions such as breakdown of membrane continuity and 
Son of membrane fatigue [17] could «J»ntmjrt 
for the increased ruffling and the increase in endoc to 
sis These responses may involve an attempted repair of 
Senltured membrane prote.n. Tsong [17] 
that electroporation produces localized joule heating of 
the membrane which denatures membrane proteins 



such as voltage- and ligand-dependent protein and ion 
channels. Fol ow,ng den.tur.tion, it has been proposed 
h t damaged patches of membrane are excised by en- 
docvtosis [17]. This mechanism is consistent with the 
oS v d increase of endocytosis after e.ectroporat.on 
and the more rapid acidification of fluorescent phospho- 

Hoids presumably derived from the membrane domain, 
f arge scaTe shifts of intracellular ion and prote.n 
eoncen rations caused in part by sodium and potassium 
on leakage through lattice defects in the lipid bilaye 
21] may 8 induce severe osmotic stresses which affect 
ytoskeletal structures [8] and cell size consistent wil* 
our Nervation of reduced forward light scatter in elec- 
t mnorated cells. An alternative mechanism may involve 
.TthrSndependent endocytic pathway [20] in which 
£ constitute clathrin pathway is blocked by electro- 
poration This poorly understood pathway may be in- 
voked by electroporated cells as a stress response to 
compensate for the loss of intracellular molecules in- 
duced by the electrical field. Whatever mechanism is 
?nvoked y it is evident that electroporation perturbs both 
m embrane- and cytoskeleton-dependent elements of 
eXytosis. Indeed we observed that cytochalasm D in- 
SS the electroporation-induced increase of endocy- 
tos s presumably by blockade of actin assembly from 
m nomer Previous'studies have ^^f^ 
perturbation of the cytoskeleton by elec tncal I Selds [9] 
and electroporated erythrocytes exhibit pores of 40-100 
nm in diameter that are the same 
spectrin, ankyrin, and actin skeletal network [22]. Thus 
pores may reach a maximim size that is determined by 
Se cytoskeleton and exhibit shapes and dosure dy- 
namics that are cytoskeleton dependent [8] Conse 
□uS the observed inhibition of endocytosis by 
Vtochalasin D is consistent with the view £a jdecUo- 
poration-induced endocytosis is dependent on actin 

'IS indicate that in addition to the utility of 
electroporation for introduction of exogenous mole- 
cuTenudy of electricalfieldeffectsandthe accompany 

ini phS forces that are delivered to the cell can be 
S to probe endocytosis and the 
tions of plasma membrane proteins with the cytoskele 
ton 123]. 
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